Indoor climate was assessed in an apartment in Isehara City, Kanagawa Prefecture, Japan, by use of a fungal index. The index represents the environmental (climate) capacity to allow fungal growth; it is determined by measuring the growth rate of a biosensor fungus, Eurotium herbariorum J-183. Differences in climate among various parts of the apartment (microclimate) and its changes could be clarified by using the index. The index in the entire apartment was high in summer, low in winter, and intermediate in spring and autumn. According to the part of the apartment, the index was high in water-associated areas and cool areas. This high fungal index in cool areas was caused by the air at the same absolute humidity showing an increase in the relative humidity with a decrease in temperature. Fungal contamination rapidly progressed in areas with a high fungal index in this apartment. A correlation was observed between the fungal index and fungal contamination. Therefore, areas susceptible to fungal contamination can be estimated by use of the fungal index.
All living organisms require water for growth. Fungi that proliferate in rooms protected from rainwater obtain water from the air. Fungal spores are present in the indoor and outdoor air and germinate and proliferate in an environment that allows growth. Fungal contamination in a residence induces allergy (4) (5) (6) in the residents and allows proliferation of mites that eat fungi (2, 3) . We often do not notice a room environment that allows fungal growth, resulting in contamination of the room. We previously developed a method to predict fungal growth before contamination and proposed the fungal index (1) . This index represents the capacity of the environment in each area of a room to allow fungal growth and predicts fungal growth.
We examined seasonal changes in the fungal index and climate (temperature and relative humidity) during a 1-year period in an apartment to clarify the usefulness of the index for evaluating the indoor microclimate. In addition, fungal contamination was examined, and the relationship between the index (prediction) and the contamination (results) was determined.
MATERIALS AND METHODS
Residence. The study was carried out in an apartment on the first floor of a three-story apartment building made of reinforced concrete, RC. The outer wall consisted of, from the outer side, acrylic-sprayed tiles (2 mm), concrete (150 mm), foam polyethylene (25 mm), an air layer (10 mm), plasterboard (9 mm), and vinyl cloth (1 mm). The apartment was in an apartment house in Isehara City, Kanagawa Prefecture, Japan. The apartment had openings on the north and south sides. Its east and west sides were in contact with adjoining apartments. The apartment house was constructed in April 1990. Two adults lived in the apartment from April 1991 to April 1993.
Study period. The study period was the year between 31 March 1992 and 30 March 1993. The rainy season in 1992 was between 7 June and 19 July.
Microorganism and preparation of conidi. As a biosensor, a xerophilic fungus, Eurotium herbariorum J-183, was used. This strain was isolated from the indoor air at Kanagawa University, Kanagawa, Japan, and was maintained in our laboratory. The strain grows at a temperature of 0 to 35ЊC with a relative humidity of 70 to 95%. Because of this wide environmental range for growth, this strain is appropriate as a sensor for the assessment of indoor climate.
Strain J-183 was inoculated onto an agar plate of YS-35 medium (1 g of yeast extract, 35 g of sucrose, and 2 g of agar in 100 ml of medium) and cultured at 20ЊC for 2 weeks. After the cultivation, conidia that formed on the plate were suspended into a spore-suspending medium (0.5 g of gelatin and 0.5 g of glucose in 100 ml distilled water), collected by centrifugation at 700 ϫ g for 5 min, and rinsed three times with sterilized water. Preparation of sensor piece for determination of fungal index. (i) The collected conidia were suspended to a concentration of 10 6 spores per ml in the spore-suspending medium. (ii) A drop (ca. 2 to 3 microliters) of conidial suspension was placed on a gas-permeable transparent film and air dried for 1 h at room temperature. The film used was Minicopy film (Fuji Photo Film Co., Ltd., Minatoku Tokyo, Japan), without film development and with fixation for 10 min with Fujifix (Fuji Photo Film Co., Ltd.) (3). The film on which the spores were adhered was covered by an another film and fixed in a slide mount to prevent scattering of spores into the environment during growth and sporulation of the biosensor conidiospores dispersed in nutrients (Fig. 1) . This specimen was designated ''fungus detector.'' Definition of fungal index and standard climate (1). The fungal index represents the capacity of the environment to allow the growth of a biosensor fungus. The fungal index was determined from the growth response of the sensor in a given environment for 7 days. The response represented the growth of the sensor in the standard climate, as described below. In a given building space, the hyphal length of the sensor, J-183, obtained after 1 week of incubation (exposure to the tested environment) was measured and evaluated as follows: when the 1-week (7-day, 168-h) hyphal length (growth response) of the sensor in the tested environment corresponded to the hyphal length at X hours on the standard curve, the tested environment was defined as having a fungal index X. The standard climate was defined as a temperature of 25ЊC and a relative humidity of 93.6% (wet room with its humidity being adjusted with saturated KNO 3 solution). A hyphal extension curve for the biosensor in the standard climate was the standard curve (1). In the standard climate, germination of conidiospores took place at approximately 7 h of incubation, and the hyphal extension continued for more than 1 week, although sporulation initiated at approximately 45 h of incubation. The growth of sensor spores was not clearly distinguishable before germination, so the detectable limit of the fungal index was 7 in a 1-week inspection.
Determination of the fungal index. (i) The fungus detector was placed at each test site in the apartment and kept there for the inspection period (1 week in this investigation). (ii) The sensor spores in the detector were photographed under a microscope, and the state of the biosensor was observed. When the climate at the inspection site allowed fungal growth, spores of the sensor germinated (3) . The response of the biosensor (hyphal length) was measured, and the fungal index was determined by use of the standard curve. The period preceding germination and the hyphal extension rate depended on the climate; thus, the environmental capacity to allow fungal growth was expressed.
The fungal index was determined at 1-week intervals at 20 sites inside of the apartment and at one site outdoors (balcony). A to U in Fig. 2 indicate each inspection site in the apartment. The evaluated points were 30 cm below the ceiling (under the eaves) and 30 cm from the floor and were expressed as the ''upper area'' and ''lower area,'' respectively. The western-style room on the northeast, the same style room on the northwest, and the six-mat Japanese-style room on the southeast were expressed as room 1, room 2, and room 3, respectively.
Measurement of temperature and relative humidity. Both temperature and relative humidity were automatically measured at 1-hour intervals by use of an HMW2-Y apparatus (Visala Inc., Helsinki, Finland) at the following six sites: the upper area of the northeast corner (outer wall side) of room 1, upper area on the corridor side of the same room (inner side), lower area of the lavatory, upper area of the southwest corner (outer wall side) of room 3, lower area of the same corner, and outdoors (under the eaves of the balcony on the south side). At the other sites, only temperature was measured, using a 0.2-mm linear thermocouple T (Hoskins Manufacturing Co., Detroit Mich.).
Isolation of fungi in apartment. At the visual inspection in 1994, colonies of fungi observed in the apartment were sampled with a sterilized needle, streaked on potato dextrose agar medium (Nissui, Toshimaku Tokyo, Japan) and dichloran glycerol (DG-18; Oxoid Limited, Basingstoke, Hampshire, England) agar plates, cultured at 25ЊC, and isolated. Table 1 shows a representative fungal index distribution in spring, summer, autumn, and winter (exposure period: 1 week from 31 March, 7 July, and 13 October 1992 and 12 January 1993, respectively).
RESULTS

Distribution of fungal index in apartment.
The fungal index in the apartment was the highest in summer, lowest in winter, and intermediate in spring and autumn. In spring, the index was positive (germination of sensor spores was detected, fungal index more than 7) in the bathroom, lavatory, front entrance, and the lower area of the northeast corner of room 1. In summer, the index was positive at all inspection sites. The index distribution in autumn was similar to that in spring, but the index was generally slightly higher in autumn. In winter, the index was positive only in the bathroom and the lower area of the northeast corner of the room 1.
The fungal index in the apartment continuously changed, even at the same site, with time. Even in the same season, the index was positive during some periods but was below the detectable limit (Ͻ7 at 1-week inspection period) during other periods. The index was relatively high during the periods in each season shown in Table 1 . Figure 3 shows the changes during the year in the fungal index in the upper and lower areas of the northeast corner of room 1 on the north side. The fungal index was the same between upper and lower areas only once, the week from 30 June. At other times, the lower areas showed a constantly higher fungal index than the upper areas. In the southwest corners of room 3 and the living room, the fungal index was always higher in the lower area than in the upper area. The fungal index was higher on the north side than on the south side in spring, autumn and, winter. Table 2 shows the average temperatures in the upper and lower areas in the corners of room 3 and the living room on the south side and room 1 on the north side. The lower area showed a lower temperature than the upper area throughout the year. The north side showed a lower temperature than the south side throughout the year except in July and August.
Average fungal index during the year. Figure 4 shows the average fungal index during the year (52 weeks) at each site of the apartment. Each index below the detectable limit in each weekly inspection was calculated as zero. The average index during the year was higher in water-associated areas (such as the bathroom, lavatory, and washroom), front entrance, and the lower area of the northeast corner of room 1 than outdoors. In particular, the bathroom showed the highest average index (Ͼ15). The average index was less than 2 in the upper area of the southwest corner of the living room, inner wall side of room 3, closet, kitchen, and trunk room.
Interrelationship among climatic parameters (temperature, relative humidity, absolute humidity, and fungal index. At a constant absolute humidity, the relative humidity changes with temperature. Figure 5 shows the relationship among temperature, relative humidity, absolute humidity, and fungal index. At the same absolute humidity, relative humidity markedly changes with slight changes in temperature. When temperature decreases by 1ЊC, the relative humidity increases by about 5% (shifts in the right oblique downward direction in the figure). Temperature and relative humidity affect the fungal index. The index decreases by about 10% when temperature decreases by 1ЊC, but the index increases about twofold when the relative humidity increases by 5% (1). With a decrease in temperature, the environment becomes less favorable for fungal growth. However, an increase in relative humidity due to the decreased temperature produces an environment more favorable for fungal growth, canceling the effect of the decrease in temperature. As a result, at the same absolute humidity, the fungal index is higher at a lower temperature. For example, with a decrease in temperature by about 2ЊC, from 18 to 16ЊC at an absolute humidity 10 g/kg, an environment showing a fungal index of 7 (an environment that requires 1 week for germination) changes to an environment showing a fungal index of 45 (formation of new spores on hyphae that germinated and extended within 1 week). Figure 5 shows the climate (temperature and relative humidity) in the apartment during the hot season (July), intermediate season (October), and cold season (January) at the indoor and outdoor sites. The climates of inspection sites are indicated by symbols. In July, all sites except the upper area of the southwest corner in room 3 (open circle) were located in a climate showing a fungal index of more than 7. The outdoor site in July (closed star) was located in a climate showing a higher fungal index than the rooms. The lavatory (X) was located in a climate with an even higher fungal index than that outdoors. In January, the climate at each site was out of the zone allowing fungal growth. The climate in October was situated between the climate in January and that in July.
The indoor absolute humidity showed marked seasonal differences, being 16 to 17 g/kg in July, 10 to 12 g/kg in October, and 6 to 7 g/kg in January. Fluctuations in the absolute humidity indoors were slight during the same season. Progression of fungal contamination in the apartment. In October 1991 before the initiation of the study on the fungal index (1.5 years after construction of the building, 0.5 year after its occupation), visual inspection showed fungal growth only in the ceiling in the bathroom in this apartment. Visual inspection in April 1994 (4 years after construction, about 1 year after the occupants left) revealed fungal colonies on the surfaces of painted wood parts in the entrance, lavatory, and washroom and on the east-side wall surface and the ceiling surface (northeast end) in room 1 in addition to the ceiling in the bathroom. No macroscopic fungal contamination was observed in the other areas. Cladosporium sp. was detected in the bathroom and in room 1 on the surfaces of the walls and ceiling. Cladosporium sp. and Aspergillus sp. were detected in the wood parts in the entrance, washroom, and lavatory.
DISCUSSION
The fungal index is a suitable tool to detect and compare microclimates in various parts of a residence. The differences in the microclimates in the upper and lower areas, south and north sides, and water-associated and -nonassociated areas were clearly distinguished in this study by use of the index.
There were sites showing a positive fungal index throughout the year. In the bathroom and the lower area of the northeast corner of room 1, the index was positive even in winter, with an environment allowing fungal growth throughout the year. In the lavatory and front entrance, the index was positive in spring, summer, and autumn, with an environment allowing fungal growth in all seasons except winter ( Table 1 
a NE, northeast corner in contact with the outer wall; SW, southwest corner in contact with the outer wall; In, inner area not in contact with the outer wall; (U), upper area; (L), lower area.
b -, fungal index less than 7; germination of sensor spores was not detected.
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on June 19, 2017 by guest http://aem.asm.org/ those sites showed higher average indices during the year than that outdoors, indicating susceptibility to fungal growth (Fig.  4) . The fungal index correlated with fungal contamination. Fungal contamination occurred earlier at sites in the apartment showing a higher fungal index. At or near a site showing fungal contamination, the average index during the year (Fig. 4) was higher than that for other sites. The bathroom, in which fungal contamination was detected by the first visual inspection, 1.5 years after construction of the building, showed the highest mean fungal index. The second visual inspection 4 years after construction showed macroscopic fungal contamination at all sites, showing average indices of more than 4.6, the value of the outdoor index. At other sites, no fungal contamination was visible by the naked eye. Macroscopic fungal contamination may be difficult in an environment with an average index of less than 2. At such sites, the fungal index was positive only in summer and fungi could not grow during most of the year.
Our separate investigation of 60 sites in five apartments just 10 years after construction revealed that each inspection site which had an average index in a year of more than 4 was contaminated by fungi, each that had an average index of less than 2 was not contaminated, and each that had an average index between 2 and 4 was contaminated or not contaminated, probably affected by the wall materials in each apartment (unpublished data). Areas susceptible to fungal contamination can be estimated by use of the fungal index.
The fungal index in an apartment is higher at a lower temperature as the air at a lower temperature shows higher relative humidity at the same absolute humidity. Fluctuations in the absolute humidity indoors was slight during the same season (Fig. 5) , and the temperature was constantly lower in a lower area in each room and in the north-side room (Table 2) . Since warm air ascends, the room temperature becomes higher and the relative humidity is lower in the upper area than in the lower area. Therefore, a lower fungal index was obtained in the upper area than in the lower area (Fig. 3) . As the south side is warmed by sunlight but not the north side, room temperature is lower in rooms on the north side. The fungal index distribution on the south and north sides in spring, autumn, and winter (Table 1) reflects the low temperature on the north side.
The high fungal index in the lavatory cannot be explained by the amount of water. The absolute humidity in the lavatory (X in Fig. 5 ) did not markedly differ from that at the other sites in the apartment. The mean temperature in the lavatory in July was 25.0ЊC, being the lowest among the sites shown in Fig. 5 . a SW, southwest corner in contact with the outer wall; NE, northeast corner in contact with the outer wall; (U), upper area; (L), lower area.
The high fungal index in the lavatory seems to be due to an increase in the relative humidity due to the low temperature.
The climate distribution suggests that fungi grow both indoors and outdoors in summer in Isehara on the Pacific side of Japan (Fig. 5) . Since the outside air allows fungal growth in summer, rooms maintain an environment allowing fungal growth even with air exchange. Therefore, the absolute humidity in the room should be decreased to prevent fungal contamination. In such seasons showing high absolute humidity, the use of dehumidifying machines in residences or storehouses was effective for reduction of the fungal index (unpublished data). The climate in October is on the borderline between a climate allowing and not allowing fungal growth (Fig. 5) . At the same absolute humidity, slight changes in temperature markedly affect the fungal index. Therefore, during the borderline season, both a decrease in the absolute humidity and the absence of areas at a low temperature may be effective for preventing fungal growth in the residence. In winter, since the absolute humidity in the outer air is low, air exchange would be useful. However, as the temperature in the outside air is low, it is more important not to produce areas with a low temperature than to reduce the absolute humidity by air exchange.
The indoor absolute humidity was similar to that in summer but was higher than that outdoors in winter. Windows are opened in summer but not in winter, so moisture developed through living activities is retained indoors in winter.
Fungal contamination in dwellings causes respiratory symptoms and other allergies. To prevent fungal contamination and produce a healthy indoor environment, it is necessary to examine the fungal index distribution in various types of residences. To clarify the association between the fungal index and the structure, arrangement of rooms, quality of materials, equipment, or mode of living is important.
